as well as the tolerance of these plants to the contaminants. According to Schnoor et al. (1995) , this devel- 
and distribution within the plant was essential. properties. It is the fungicidal active ingredient of commercial formulations of Subdue (Novartis Crop Protection, Greensboro, NC). This systemic fungicide is very T he turfgrass and nursery industries have become soluble in water (8.4 g L Ϫ1 at 22ЊC) and is not volatile increasingly popular as specializations of produc-(vapor pressure: 5.62 ϫ 10 Ϫ6 mm Hg at 25ЊC) (Waution agriculture. These industries may generate significhope et al., 1992) . The log K ow for this compound is 1.64 cant amounts of pesticide-contaminated water by the (Cohen and Coffey, 1986 ). This fungicide is available in common practice of rinsing application equipment after granular, emulsifiable concentrate, and water-solubleuse. Most manufacturers recommend that the pesticidepouch commercial formulations. Subdue formulations containing rinsates be applied to areas that are normally are labeled for use in turfgrass and ornamentals productreated. Improper disposal of these contaminated rintion and landscaping. This fungicide effectively controls sates may significantly alter nontarget ecosystems.
damping-off and root and stem diseases caused by PythPhytoremediation offers one possible method for reium and Phytophthora spp. Metalaxyl exists in two enanmoving pesticides from contaminated water. Phytotiomeric forms, each with significantly different biologiremediation is the use of plants and plant growth as a cal activity. The R(Ϫ) enantiomer has significantly more technique for detoxifying environmental sites contamiantifungal activity than the S(ϩ) enantiomer (Cohen nated with organic and inorganic pollutants. This techand Coffey, 1986) . Novartis has developed a technique nology exploits the ability of plants to extract and/or for producing only the more biologically active enantiomineralize xenobiotics in the surrounding environment, meric R(Ϫ) form. These formulations are now marketed under the name Ridomil. However, it is anticipated Metalaxyl has been shown to be transported acropetally in the transpiration stream of soybean (Gupta et al., Published in J. Environ. Qual. 30:411-417 (2001) .
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was also recorded for parrotfeather. Chlorophyll fluorescence 1985), grape (Staub et al., 1978) , tomato (Staub et 
MATERIALS AND METHODS
the youngest for both species. These measurements were not
Plant Material
possible with sweetflag and parrotfeather because of the small size and morphology of their leaves. The plant species evaluated in these studies were selected These fluorometric measurements are typically used to exbased on their aesthetic characteristics and hardiness to the amine the physiological status of the photosynthetic apparatus southeastern USA. The plant species included sweetflag, and are based on the phenomenon that 3 to 5% of the light canna, parrotfeather, and pickerelweed.
energy absorbed by chlorophyll pigments is re-emitted as fluoOriginal plant stocks were obtained from Carolina Nurserrescence under normal conditions (Krause and Weis, 1984; ies (Monck's Corner, SC) or Head-Lee Nursery (Seneca, SC). Miles, 1990; Karukstis, 1991) . Photosynthesis-inhibiting pestiCanna were propagated from these stocks by taking 2.5-to cides and other substances or environmental conditions that 5-cm tuber cuttings and planting in Fafard (Anderson, SC) alter the overall bioenergetic status of the plant may induce Germination Mix in a greenhouse. Sweetflag and pickerelcharacteristic changes in fluorescence emissions (Hipkins and weed were propagated by plant divisions and planted in the Baker, 1986 ). The reader is referred to the previously mensame germination mix. Parrotfeather was propagated by stem tioned resources and to Lower et al. (1990) and Krugh and cuttings rooted in 10% Hoagland's nutrient media (Hoagland Miles (1996) for a complete discussion of the principles and and Arnon, 1938). Plants were watered and fertilized as utility of chlorophyll fluorescence measurements in plant exneeded using Scotts (Columbus, OH) Pete Light Special 20-periments. 10-20 water-soluble fertilizer. Approximately 3 to 4 wk before A completely randomized statistical design with four replitests were initiated, plants were transferred from potting mecations for each exposure concentration was used. All data dia in the greenhouse to hydroponics in the lab. The hydrowere ranked and analyzed by analysis of variance (P ϭ 0.05). ponic system consisted of several 1-to 2-L glass or polypropylResults were further analyzed using calculated least significant ene containers filled with 10% Hoagland's nutrient solution.
differences (LSD). The nutrient solution was changed weekly. Liquid lost due to evapotranspiration was replaced with distilled deionized
Uptake and Distribution
water.
The uptake and distribution of metalaxyl by each plant
Toxicity Assessment
species was evaluated using uniformly ring-labeled [ 14 C]metalaxyl. This material was obtained from Novartis Crop ProtecToxicity tests were conducted at 25 Ϯ 2ЊC under metal halide lamps with a photon flux density of 375 Ϯ 25 mol tion and had a reported chemical purity of 98.1% and radiopurity of 98.6%. The specific activity of the [ Metalaxyl concentrations were confirmed using SDI RaPID vacuum flasks were each filled with 275 mL of the spiked nutrient media. Nonspiked nutrient media served as untreated Imuno Assays (Strategic Diagnostics, Newark, DE) and gas chromatographic (GC) analysis. Individual plant roots were controls. The side-arms of the exposure flasks were equipped with one-way valves that allowed movement of gases from exposed in glass jars to 250 mL of metalaxyl-spiked nutrient media for 7 d. Plant roots were rinsed with distilled water the outside of the flask to the inside. Individual plants were held in place (with roots submerged in the spiked or nonspiked after the 7-d exposure period. The plants were then placed in nonspiked nutrient media and allowed to grow for an addinutrient media) by #6 (U.S. size no.) silicon stoppers with holes bored through the tops, and a slit along the side. Stoppers tional 7 d in order to observe any latent effects or recovery. All exposure jars were autoclaved before treatment. Each jar were wrapped around individual plant stems and sealed using Qubitac (Qubit, Kingston, ON, Canada) nontoxic, nonreactive was also covered with aluminum foil to exclude extraneous light from the root zone and exposure media. Each plant was putty. A smaller hole in the stopper was fitted with a teflon tube (1.6 mm i.d., 3.1 mm o.d.) that was connected to an inheld in place using the lower half of a 236-mL foam coffee cup with a hole cut into the bottom.
line [ 14 C]CO 2 and volatile organic [ 14 C] trap. The traps contained 15 mL of 0.5 M NaOH and 2 g of 20-60 mesh-activated Measured endpoints differed depending on the plant species due to differences in growth habit and size. Fresh weights charcoal (Sigma, St. Louis, MO), respectively. Two to four flasks containing the spiked nutrient media, but without plants, were recorded before exposures, after 7 d exposure, and after the 7-d post-exposure period for all species evaluated. These were also included as references. The untreated controls and reference flasks were equipped and handled in the same manmeasurements were used to calculate the fresh weight gains during the 7-d exposure and post-exposure periods. Growth, ner as the others. Once plants were secured in the exposure vessels, they were measured as the increase in length and branch production, transferred to a Conviron CMP3244 (Controlled Environples were filtered through 0. sion Analytical column (4-m particle size, 60-Å pore size, 8 ϫ 100 mm), ␤-RAM yttrium silicate radio-chemical detector light, 22ЊC dark). Headspace within each flask was purged through the scrubbers daily with two to three volumes of air (IN/US Systems, Fairfield, NJ) and a Waters 484 tunable UV absorbance detector (: 254 nm). The mobile phase consisted using a 60-mL syringe attached to the side arm-one way valve assembly. Water transpired through the plant was replenished of a gradient starting at 10% MeOH-90% H 2 O and changing to 70% MeOH-30% H 2 O over a 30-min period. The injection with distilled deionized water using the same syringe. Water use was recorded daily.
volume was 0.700 mL and the flow rate was adjusted to 1.5 mL min Ϫ1 . On Days 1, 3, 5, and 7, three exposed and two control plants were randomly harvested. Plant rhizomes and roots were rinsed in running tap water for 45 s and were blotted dry.
RESULTS AND DISCUSSION
Plants were then dissected into individual leaves, stems, rhiToxicity zomes and/or tubers, and roots. Fresh weights for each individual section were recorded. Plant tissues were then wrapped Fresh mass production for sweetflag was only 35 and in aluminum foil, flash-frozen using liquid nitrogen, and stored 48% of the controls at the 75 and 100 mg L Ϫ1 treatment at Ϫ80ЊC until the tissues could be analyzed. At the time of levels, respectively, after 7 d exposure (Fig. 1A) . these measurements showed no toxic effects on the Measurements of stem growth were less sensitive than fresh mass production ( Fig. 2A) . Regardless of whether plants, visual necrosis of both species exposed to 50, 75, and 100 mg L Ϫ1 nutrient solution was apparent after 3 d branch length was included with primary stem length increases, no statistically significant reductions in growth exposure. This damage was initially characterized by brown, necrotic speckling of the lower leaves. Necrosis were observed. Likewise, no reductions in axillary branch production were observed during the experibegan at the leaf veins of the older leaves and spread throughout those leaves. After 7 d exposure, necrosis ment (Fig. 2B) . These results agree with those of Novartis (Novartis appeared on the tips of new leaves. The appearance of necrosis in the absence of effects on quantum efficiency
Crop Protection Environmental Safety Database, unpublished data, 1998). They reported 14-d EC 50 values indicates that the mode of action for toxicity was not related to PSII or processes directly interacting with of 85 mg L Ϫ1 for frond production in duckweed (Lemna gibba L.) and 140 mg L Ϫ1 based on mean standing crop PSII.
No reductions in fresh mass production were obof Selenastrun capricornutum Printz. Typical standardized plant toxicity testing protocols for water column served for parrotfeather during the 7-d exposure period (Fig. 1C) . However, fresh mass production was statisticontaminants utilize these species (Sirois, 1990; American Public Works Association, American Water Works cally reduced 16, 20, and 24% at the 25, 75, and 100 mg L Ϫ1 treatment levels, respectively, relative to the conAssociation, and Water Environment Federation, 1992, p. 8.39-8.42 ; American Society for Testing and Materitrols. The lack of reductions in the 50 mg L Ϫ1 treatment group was probably due to natural variations in plant als, 1994). Based on these results, little caution is warranted material. Plants in all treatment groups had similar fresh masses before exposure. when using these ornamentals for the phytoremediation of metalaxyl. However, one must realize that these tests represented a worst-case scenario where other substrates capable of reducing bioavailability were not present. Under natural conditions in the field, significant portions of the pesticide may be sorbed to substrates or degraded by microorganisms and sunlight. In the case of a gravel-based phytoremediation system designed for removing pesticides from water, some caution is still warranted due to the expected pesticide concentrations. Expected metalaxyl concentrations in 568 L of rinse water were calculated to range from 4.7 to 46.8 mg L Ϫ1 , assuming a moderate application rate, 378-L original mix volume, and a residual rinse volume ranging from 3.8 to 37.9 L between rinses. These concentrations would be much greater at higher application rates.
Uptake and Distribution Sweetflag
The [ 14 C]metalaxyl activity in the exposure solutions decreased with time (Table 2) . These reductions were 4, 4, 10, and 16%, respectively, after 1, 3, 5, and 7 d of exposure. The amount of activity remaining in the exposure solution was inversely related to the cumulative volume of water used by the plant (Table 3) .
Nearly all of the [ the test, with unmeasured label never exceeding 2% ( Table 2 ). The accumulation of activity in whole plants sure solution was inversely related to the cumulative amount of water used by the plants (Table 3) . was directly related to the amount of water used by those plants (Table 3) .
Nearly all of the [ 14 C]metalaxyl removed from the Analysis of the dissected plant tissues revealed signifiexposure solution was detected in the plants. After 1, cant accumulation of [
14 C] primarily in the leaves, and 3, 5, and 7 d exposure, 13, 29, 37, and 54% of the total to a lesser extent in the roots (Table 2) . No accumulation activity added, respectively, was detected in the whole was seen in the rhizomes, indicating that they serve
plants. An apparent excess (11%) of 14 C was detected primarily as a pathway for acropetal transport.
in the plants harvested after 1 d of exposure. This excess may have resulted from the lower recovery efficiency of Canna samples, since all data were adjusted to 100% recovery levels. Recoveries for these samples were 93%. If actual The [
14 C]metalaxyl activity in the exposure solutions recoveries of plant samples were greater than this, cordecreased with time (Table 4) . These reductions were rections based on 93% recoveries would artificially in-4, 31, 48, and 60%, respectively, after 1, 3, 5, and 7 d of exposure. The amount of label remaining in the expoflate total recoveries and the mass balance. The mass balance for [
14 C] was generally good throughout the test, the plant was directly proportional to cumulative water with unmeasured label ranging from 0.7 to 9.7% (Table  used by the plant (Table 3 ). 4). The total amount of activity accumulated within each Analysis of the dissected plant tissues revealed signifiplant was directly related to cumulative water use by cant accumulation of [ 14 C] primarily in the leaves after each plant (Table 3) . 1 d exposure (Table 5) . Very little accumulation was Analysis of the dissected plant tissues revealed large seen in the stems and roots, indicating that they serve accumulations of [ 14 C] primarily in the leaves (Table 4) . only as a pathway for acropetal transport. No accumulation was seen in the tubers, stems, or roots, Pickerelweed indicating that they serve only as a pathway for acropetal transport.
The [ 14 C]metalaxyl activity in the exposure solutions decreased with time (Table 6 ). These reductions were Parrotfeather 11, 21, 29, and 50%, respectively, after 1, 3, 5, and 7 d of exposure. The amount of activity remaining in the The [
14 C]metalaxyl activity in the exposure solutions decreased with time (Table 5 ). These reductions were exposure solution was inversely proportional to cumulative water used by the plants (Table 3) . Nearly all of 5, 9, 19, and 31%, respectively, after 1, 3, 5, and 7 d of exposure. The amount of activity remaining in the the [ 14 C]metalaxyl removed from the exposure solution was detected in the plants. After 1, 3, 5, and 7 d exposure, exposure solution was inversely related to cumulative water use by each plant (Table 3) . 10, 24, 32 , and 44% of the total activity added, respectively, was detected in the whole plants. The mass balNearly all of the [ 14 C]metalaxyl removed from the exposure solution was detected in the plants. After 1, ance for [ 14 C] was good throughout the test, with unmeasured label never exceeding 4.8% (Table 6 ). The 3, 5, and 7 d exposure, 3, 11, 20, and 27% of the total activity added, respectively, was detected in the whole accumulation of activity within plants was directly proportional to the cumulative amount of water used by plants. The mass balance for [ 14 C] was good throughout the test, with unmeasured label never exceeding 3.3% the plants (Table 3) . Analysis of the dissected plant tissues revealed significant accumulations of [ 14 C] pri-( Table 5 ). The total amount of activity accumulated in 
